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Formation of type-Il excitons in CdTe/Cd;_,Mn,Te superlattices at high magnetic fields
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We report measurements of magnetoreflectivity in CdTe/GHIn, Te superlattices with varying manga-
nese concentration in magnetic fields up to 45 T. From an analysis ofsiedvy-holes , transition, we
observe that the energy shift is directly equal to the shift in the valence-band edge of the barrier layer. This
provides a clear proof of type-l-type-Il crossover in this system. The critical magnetic field that leads to the
formation of a type-Il exciton is also estimated. We point out that the criterion for the observation of a type-Il
exciton is that the type-ll valence-band offset has to be larger than the binding energy of an exciton.
[S0163-18297)08640-2

1I-VI semimagnetic semiconductors have a large energyier) widths of 50 A (150 A) and varying manganese con-
shift of the band edge due to tlsg-d exchange interaction. tents ranging from 2% to 11%. Magnetoreflectivity was stud-
In CdTe/Cd,_,Mn,Te quantum wells the confinement po- ied in the Faraday configuratiomB(perpendicular to the SL
tential can therefore be continuously “tuned” by the ex- plane using long pulsed10 mse¢ magnetic fields up to 45
change interaction. This has led several authors to search far, and a pulsed light sourcéHg vapor lamp fired at the
evidence of a magnetic-field-induced transition from a type-lpeak field for a period of 50@.sec. The samples were placed
to a type-Il band alignment. Based on the optical observatiofin the pulsed field center and immersed in liquid helium. The
of a plateau in transition energy and a drop in the oscillatoreflected light was collected using a fiber bundle and ana-
strength, a band alignment crossover has been reported iyzed using a 0.25-m spectrometer and nitrogen-cooled
structures containing relatively low manganese contefits. charge-coupled-device detector.

However, the results have proved to be controversial due to The zero field reflectivity spectrum for a typical sample is
the complications introduced by the Coulomb interaction.shown in Fig. 1. The spectrum is ratioed against a metallic
This has led Kurodaet al® to extend the study to higher mirror response from the light source, using the same optical
x-values and very high magnetic fields (150 T) where the  path, and shows a sharp minimug@r maximum for the
magnetic interactions can dominate the Coulomb interactioexcitonic features around the region of both the barrier and
and the transition energy is governed by the strong diamagsL band gap. The SL transition can give rise to both maxima
netic shift. A new feature above the heavy-hole transition and minima in the reflectivity, depending on the overall
was reported. Nevertheless, it was not possible to determinghase of the interference structure from the layers. The as-
whether or not a type-l-type-1l crossover had occurred.  signment of maxima or minima to the precise transition fea-

In this paper we present an interband magnetoreflectivityures was made using the full family of magnetoreflectivity
measurement on a series of CdTefC¢gMn,Te superlattices spectra(cf. Fig. 2 where the presence of peak sharpening
with both low and high manganese concentrations at higlyenerally made the specific assignment unambiguous. The
magnetic fields up to 45 T. For low, a strong asymmetric feature at 1594.5 meV is due to ths &xciton of the CdTe
splitting between ther, ando_ components is observed at buffer layer and the higher energy transition corresponds to
high fields, reflecting a different binding energy of the exci-the band gap of the Gd ,Mn,Te barriers. The observed SL
tons. For the highk samples at high fields, the shift of the excitonic transitions are the heavy hole to the ground state of
transition energy fowr, is equal to the valence-band edge the conduction bandH1) and light hole toE1, labeled as
tuning of the barrier layer, providing unambiguous experi-1HH, 1LH, respectively. As the well width decreases, the
mental evidence of the type-I-type-Il crossover in this sysenergy of the 1HH and 1LH transitions moves upwards due
tem. From the analysis, the criterion for the observation of do the increase of confinement energy. The potential height
type-ll exciton is found to be when the type-Il band offset isthat determines the confinement energy depends on the band
larger than the binding energy of an exciton. offset ratio and the strain due to the lattice mismatch of CdTe

A series of superlatticdSL) samples were grown by and Cd_,Mn,Te. The strain, for the structures studied here,
MBE on lattice-matched InSb substrates at Hull University.is accommodated in the magnetic layers as biaxial compres-
Long period samples are studied, which consist typically of asion, whereas the quantum wellsonmagnetic layejsare
thick (1000 A) CdTe buffer layer followed by 15 alternating not strained due to the lattice match with the buffer layer.
layers of CdTe and Cd ,Mn,Te with nominal well(bar-  This lifts the degeneracy at the zone center for the barriers,
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FIG. 1. Zero-field reflectivity spectrum of sample 4 showing the assignment of the transition of buffertH8l. 1LH) and barrier.

resulting in different potential heights for both conductionfield due to spin. The oscillator strength of the transition
and valence band in the quantum well. A summary of theincreases with field, indicating a reduction of the cyclotron
zero-field transition energies and fitted parameters is given iorbit (by 45 T it has increased by approximately a factor of
Table I. 3). The barrier and SL transitions each split into two compo-
The precise Mn concentration of the samples is deternents corresponding to the, (mp;=—3/2 to mgj=—1/2)
mined from the barrier transition energy usirg=E, ando_ (my;=+3/2 tomg;=+1/2) transitions. In Fig. 2, we
+1592x<x-Ep i Where Eq is the CdTe band gap of 1606 mark the movement of the excitonic transitions with field.
meV and 1592 is the constant characterising the change dte solid line indicates the CdTe buffer transition, the
band gap with manganese concentratiBg, is the bulk  dashed line the 1HH transition, and the dotted line indicates
(CdTe exciton binding energy of 11.5 meV. Conduction- the barrier transition. Other features can be seen but their
band(CB) and valence-ban(VB) offset are deduced by us- movement with field is not indicated.
ing a band offset ratid E./AE, of 70/30 following Kuhn- We first discuss the excitonic behavior of the barrier
Heinrich et al? The well (barrien width is the fitted value layer. The observed splitting is a consequence ofsthel
using the excitonic model of Ref. &, is the calculated exchange interaction and the diamagnetic energy. To obtain
exciton binding energy, anl, andE,, are the confinement the exchange shift, the diamagnetic shift is subtracted from
energies of the first subband of the electron and heavy hol¢he observedr, transition. The field-dependent energy shift
Reflectivity spectra in pulsed magnetic fields for sample 4is plotted in Fig. 3(the diamagnetic shift has been assumed
are shown in Fig. 2. On applying magnetic fields, the 1 to be similar to that observed for the CdTe buffer layer due
transition of the CdTe buffer moves upward in energy withto the low manganese concentrajiol shows an increase of
increasing absorption strength. In some samptesnber 2  the exchange splitting with increasing manganese concentra-
and 5, it is sufficiently narrow to resolve a splitting at high tion as discussed by Nicholas al® and Isaact al.” For
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FIG. 2. A family of reflectivity spectra in pulsed fields from 0 to 44.5 T of sample 4. The ¢dadhed line indicates the & HH
transition of buffer layeSL). The dotted line is the barrier transition.
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TABLE I. Summary of zero field transition energies and fitted well and barrier widths. CB and VB denote
conduction and valence band, respectively.

CB (VB) Well (barrien
Sample Mn offset HH1- E1  Barrier width E. (Ep) Ey B,
number (%) (meV) (meV) (meV) R) (meV) (mev) (T)
0.6 6.4(2.5 1599.7 1604.4 80180 5.2(1.7 12.0

2.6 27.6(10.9 1608.2 1637.3 80180 14.4(3.9 15.2 2
5.0 53.0(21.0 1619.4 1674.4 66170 24.6(6.5 16.9 3
6.4 67.9(27.0 1624.2 1696.9 62170 29.7(7.7) 17.7 7
7.3 77.4(30.8 1633.4 1710.8 52150 36.3(9.7 18.2 8
11 116.6(46.4 1660 1770 41140 58.315) 19.6 15

o0k WN PR

sample 6, the exchange splitting in the magnetic layers is ndtned in nonmagnetic CdTe layers and holes in the magnetic
resolved, therefore the splitting taken from a bulk sampldayers of Cd_,Mn,Te. The critical magnetic field&.) at
with a similar Mr®* concentration of 10% which is plotted which the type-l—type-Il crossover occurs can be estimated
and will be used for the later discussion. by equating the zero field valence-band offset in Table | and
Next, we move to the SL transitions. The field-inducedthe valence-band edge tunings, which is 0.8 times the
exchange splitting of the magnetic layer modifies the zermbserved energy shift of the magnetic layers as plotted in
field potential height of the quantum wells, resulting in anFig. 3). A summary ofB, for each of the samples is listed in
“effective potential height” for the different spin states. As a Table I. It can be seen that the valueR¥ increases rapidly
consequence the SL transitions of the and o_ compo-  with Mn content due to the increasing importance of the
nents also split in a similar way to the barrier layers due taantiferromagnetic Mn-Mn exchange. Around this region, in
the change of confinement energies. In this work, since weéhe framework of the “conventional description” of an
are interested in the type-I—type-ll crossover, we therefor@xciton! a drop in oscillator strength and a plateau in tran-
concentrate on the lowest transition of the component. sition energy are expected due to the spatial separation of the
To see more clearly the excitonic splitting, the energy shiftcarrier wave functions and the rapid change of exciton bind-
with respect to the zero field transition energ¥Hy,,) is  ing energy’ However, there is no clear signature in the spec-
plotted in Fig. 4 for the five samples studied in detail as atra to justify the assignment of a crossover of the band align-
function of magnetic fields, but without any correction for ment as reported previoushy.Instead there is a smooth shift
the diamagnetic shift of the excitons. At low field, this showsin transition energy and a steady decrease in the absorption
a rapid decrease in energy reflecting the decrease of the costrength(see Fig. 2 We will discuss this issue later. First,
finement energy of both the conduction and valence bandhe high field data is analyzed to provide evidence that for
By 8 T it hasfallen by approximately 8 and 12 meV for the sufficiently high fields the transition can be assigned to a
lowest and highest concentration samples. Since the tuningype-Il band structure.
of the VB is four times larger then the C@ef. 8 the drop Above 15 T the magnetic field results for the different
in transition energy is mainly contributed by the VB. On manganese contents separate qualitatively into two groups:
increasing the magnetic field, the valence-band edge ofa) for x<4% the magnetic interaction saturates at low
m;=—3/2 in the magnetic layers continues to rise. Hence dields, therefore the shift in the optical transition is domi-
type-Il band structure is expected where electrons are comated by the diamagnetic shifEfj,g for botho_ and o,
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FIG. 3. The observed energy shift of the transition of magnetic layers.
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FIG. 4. The energy shift of the . transition of the quantum wells of the five samples.

transitions(b) for x>4% the band-edge tuning in the mag- (a) Low Mn content (x4%). For low concentration
netic layers increases steadily with applied magnetic field upamples X<4%), there is a qualitative difference in the be-
to 45 T. Thus, beyond., the effective band gap of the havior of theo, ando_ transitions as shown in Fig. 5 for
type-Il structure varies directly proportional to the shift of the sample wittk=0.026(in the diagram only the 1HH ex-
the Cd_,Mn,Te band edge. Therefore, in addition to the citon and buffer % transition are plotted for simplicily The
change of confinement energy and diamagnetic shift, the ogwo transitions split rapidly at low field, followed by a satu-
tical transition energy of the_ component also depends on ration of the magnetic interactions, and above 10 T the dia-
the modulation of effective band gap. The field-dependenmagnetic shift of the 4 exciton is dominant. As a result the

transition energy aB>B; is o_ shows a much smaller increase in energy with field, as
the binding energy of the sl exciton is larger due to the
E(B)=(Eg+Eygap + Eet En—Ep+ Egia 1) stronger confining potential, and approaches a two-

dimensional(2D) character. By contrast the, transition

In this expressionE,q,, denotes the valence-band gap shows a larger diamagnetic shift than even that of bulk
modulation. Its value is equal to the exchange splitting of theCdTe, indicating that the exciton binding energy is much
valence band in the magnetic layer minus the zero fieldmaller due to the reduced exciton confinement. As a result
quantum well potential height listed in Table I. It contributesthe spin splitting actually decreases at high fields. The high
to the transition energy “only” when the system has field diamagnetic shift of the buffersland both components
swapped over to a type-ll band alignment. This quantity isof the 1HH transition are fitted with the numerical model of
wholly determined by the exchange splitting of the magneticVlakado using the conduction- and valence-band mass pa-
layers(Fig. 2). For the samples used in this study, the tran-rameters ofm,=0.096 andm,=0.51° The result is also
sition energy is dominated Iy, 4., andE 54 due to the slow  shown in Fig. 5 as solid and dashed lines for the bulk CdTe
changes of confinement energy due to the wide width otind SL transitions, respectively. The fitting agrees very well
magnetic layers. with the data and gives the high field excitonic Rydberg
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bulk E,=11.5 meV i
------- upper branch Eb=1 8 meV
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Transition energy (meV)
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FIG. 5. The fitted high field diamagnetic shift of bulk Cd{®olid line) and 1s HH of SL (dashed and dotted line fer, and o_
components, respectiveljor sample 2.
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energies for ther_ ando, transitions as 18.6 and 7.4 meV, 25 1T 0T
respectively. The value for the, transition of 7.4 meV is 1 sample3 1 25_' Sample 5
lower than the value for bulk CdTe of 11.5 meV as expected 204 7 ]
and is therefore consistent with a type-1l behavior for the 1 1 204
m;=—3/2 spin component for fields above 10 T, with no 159 j 1.
further change in the confinement potential. A similar behav- & 10_' §h ] | .
ior is also found for sample 1. g | OO 5 | 104 o

(b) High Mn content (%4%). For the samples with high "N 5 o ! 1 . DDDE
manganese content, the_ component of the HH state .= [ | OQB EB' | 5'_ o
shows a similar 2D behavior as seen for the low concentra- | (b - 4 ° | o4 S 4
tion samples. We will not discuss this further. For the Z 0 10 20 30 40 50 60 O 15 30 45
component, the behavior is different as there is a large con- é” 30 T 40 T

tribution to the transition energies from the band-gap modu-
lation [ E,g4apin Eq. (1)] and is not dominated by the bulklike 1
diamagnetic behavior as for low manganese content. This 20 4
can be seen in Fig. 4. It shows that th&,,, curve moves .
away from the data of sample 2 as the manganese content %7

254 Sample 4

30

increases. For the sample with the highestalue (sample 10_' 4 o

number 6, AEy is nearly unchanged up to 45 T. As the 10 A S

change of confinement energy is very small, this suggests a 5 AAAB 5 5 ] | B
cancellation ofE,g,, and Eg,.° To provide direct evidence 0 A.A, SIS SR R S, S
that theo , transition is dominated by the band-gap shift that 0 10 20 30 40 50 60 70 0 15 30 45 60 75 90

only occurs for a type-Il transition, the energy shift of 1HH
is analyzed as a function of the valence-band edge tuning of
the magnetic layerH,;), taking account of the diamagnetic ~ FIG. 6. The change of SL energy &E, minus Eg, verse
shift of the exciton. valence-band-edge tuning.

We assume that the high field diamagnetic exciton shift
Egia is very similar in samples with a similar structure as has
been shown up to 45 T by both experiment and theoretical
modeling in the more strongly type-ll system of
ZnTe/Zn,_,Mn,Te® Therefore, to show more clearly the
effect of valence-band-edge tuning on the 1HH transition, wi
subtract theE g, from the data ofAE,, using the diamag-

Valence -band-edge tuning (meV )

Below B/ there is a progressive decrease in the gradient
of the line down toB., without any single sharp feature. In
éhis region the Coulomb attraction acts in opposition to the
quantum confinement effect, which tries to separate the car-
rier wave functions in different layers, and pulls the electron-

netic shift callculzeneTc:] and [I)rewously fitted to (;h_e :S_W g/ln hole pair toward the interface. This leads to a progressive
content sample 2. These plots are summarized in Fig. 6. Al jistribution of carrier wave functions, as a result of which

low fields, the energy shift is dominated by the change okyg excitonic energy levels modeled by the conventional pic-
confinement energy and binding enei@q. (1)]. For high  yre are modified. Quantitatively interpreting the optical tran-
fields, and thus large valence-band-edge shift, there is a clegltion energy and the oscillator strength requires a self-
change in behavior. In this case the shift in 1HH energy issonsistent method to calculate the energy levels in which the
directly equal to the shift in the valence-band-edge tuning, agoulomb interaction should be taken into account as demon-
shown by the line of unity gradient. This is clear proof of the strated for the iron-based system by Warnetlal ° For the
change over to type-Il band alignment. It should be notedsample structures studied here, since the magnetic layers are
however, that it is necessary to achieve a relatively larggvide and the barriers relatively small, there is considerable
absolute shift of the valence-band-edge, of order of 50 meWvave-function penetration into the nonmagnetic layer. As a
before it is possible to observe this behavior. The position agesult, the excitonic features in the spectrum are still clear
which we estimate that the transition to full type-Il behavior due to the relatively large resulting oscillator strength even
has occurred is marked by the dashed line for each case far the type-Il band alignment.

Fig. 6 (the corresponding field is labeled Bg). It can be In summary, magnetoreflectivity has been studied in
seen that this is at substantially higher fields tBan where  pulsed magnetic fields up to 45 T to probe the type-l-type-II
the type I-type Il band-edge crossover occurs. The lineacrossover in the CdTe/Gd ,Mn,Te system. The character-
proportionality ofAEp4-Egia to Eyg is only achieved once a istics of the excitonic transition of the, component of
type-ll offset of at least 15 meV has been achieved. This idHH can be categorized into three regions in whiah at
consistent with the idea that the type-ll valence-band offselow field the change of excitonic energy is governed by the
has to be larger than the exciton binding energy in order tehange in confinement enerdly) at high fields the valence-
overcome the Coulomb interaction, leading to the formatiorband-gap modulation dominates, atglthere is an interme-

of the true type-Il exciton. This relatively large type-1l band- diate region where Coulomb interaction significantly modu-
edge modulation can only be achieved by the combination ofates the band profile preventing the formation of a type-I
a large Mn content and the application of a sufficiently highexciton. By extending the measurements to high magnetic
magnetic field to overcome the antiferromagnetic nearedields, the optical behavior of a field-induced type-Il exciton
neighbor exchang®. has been demonstrated.
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